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Giant light shift of atoms near optical microstructures
Peter Horak, Peter Domokos,∗ and Helmut Ritsch
Institut fu¨r Theoretische Physik, Universita¨t Innsbruck, Technikerstraße 25, A-6020 Innsbruck, Austria
Atoms coupled to optical fields confined in one and two spatial dimensions in solid state mi-
crostructures can experience very large light shifts if the driving frequencies are close to a resonance
of the microstructures and an atomic transition. Using the simple example of a quasi one-dimensional
waveguide structure we can analytically calculate the atomic AC Stark shift and the modifications
of the light field induced by the presence of the atom. A large enhancement of the effective interac-
tion strength is found due to a non uniform mode density. Experimentally this should be visible by
monitoring the scattered light field as well as by the modification of the atomic trajectories bouncing
from the evanescent light.
PACS numbers: 03.75.Be, 42.25.Bs, 42.82.Et
In the past years we have seen spectacular advances
in our ability to cool atoms to nanokelvin temperatures
and control their motional degrees of freedom down to the
quantum level [1]. In parallel, the miniaturization of op-
tical microstructures has reached the level where fabrica-
tion almost at the atomic scale is feasible [2]. One of the
great goals in the near future is to bring together these
technologies in a generation of integrated optical quan-
tum devices [3]. As a central point to utilize such devices,
we must understand the behaviour and transport of the
atomic matter subject to subwavelength-structured elec-
tromagnetic radiation fields. Evanescent fields created by
tailored dielectric microstructures are of primary interest
in this research. A series of experiments have demon-
strated the usefulness of evanescent optical fields to real-
ize atom mirrors [4] or quasi 2D surface traps [5]. How-
ever, these surface setups have all been based on macro-
scopic fields regarding the transverse spatial dimension
and photon numbers involved. Hence a single particle
has almost no effect on the field and a single photon field
would give only a negligible force on an atom. In this
Letter we show that the effective atom-photon interac-
tion can strongly be enhanced for atoms at the surface
of dielectric microostructures, where the field is partly
confined in some directions. Note that for a full 3D con-
finement one would recover a setup as in cavity QED [6]
with special boundaries. Here we reveal new surprising
phenomena beyond the effects of a single strongly coupled
radiation mode. For example, a continuum of travelling
wave modes can induce a huge atomic AC Stark shift ex-
ceeding by orders of magnitude the natural linewidth. In
conjunction with the large light shift, a strongly increased
photon scattering rate by a single atom takes place, which
could be used for position and state selective single atom
detection and manipulation schemes [7].
Atomic light shift in 1D continua of modes.- Let us
consider a two-level atom with resonance frequency ωa
and free-space spontaneous emission rate Γ in (or close
to) a dielectric medium with refractive index n0 which
is assumed to be infinitely extended into the z direc-
tion, but with a transverse dimension of the order of an
optical wavelength. This microstructure supports opti-
cal modes which are described by annihilation operators
an(k), where n labels the transverse mode index and k
the longitudinal wave number. The annihilation and cre-
ation operators fulfill the standard commutation relation[
an(k), a
†
n′(k
′)
]
= δnn′δ(k − k′). (1)
The corresponding frequencies are denoted by ωn(k) and
the mode functions read fn(k,x) = exp(ikz)f
(T )
n (k, x, y).
The mode functions are normalized such that
A = n20
∫
A1
dx dy|f (T )n (k, x, y)|2
+
∫
A2
dx dy|f (T )n (k, x, y)|2, (2)
where the first integral goes over the part of the mode
function inside and the second integral over the part out-
side the dielectric medium. A is the cross section of the
microstructure. The positive frequency part of the elec-
tric field is then given by
E(+)(x) =
∑
n
∫
dkE0(ωn(k))fn(k,x)an(k) (3)
with E0(ω) =
√
h¯ω/(2ǫ0A) the electric field of a single
photon.
In the following we will assume that the medium is
pumped by monochromatic light of frequency ωp ≈ ωa
and that only modes with frequencies close to this con-
tribute to the system dynamics. We will thus replace
E0(ωn(k)) by the corresponding value at the pump fre-
quency E0 = E0(ωp) and pull it out of the integral in
Eq. (3). In dipole and rotating wave approximation and
in a frame rotating with ωp the total system dynamics is
then governed by the Hamiltonian
H = −∆aσ†σ −
∑
n
∫
dk∆n(k)a
†
n(k)an(k)
2+ig
∑
n
∫
dk
[
f∗n(k,xa)a
†
n(k)σ − σ†fn(k,xa)an(k)
]
+i
∑
n
∫
dk
[
ηn(k)an(k)− η∗n(k)a†n(k)
]
. (4)
Here σ is the atomic lowering operator, ∆a = ωp − ωa,
∆n(k) = ωp − ωn(k), xa is the position of the atom, and
g = µE0 where µ is the atomic dipole moment. The
first line of Eq. (4) describes the free field evolution, the
second line the atom-light coupling, and the third line
the coherent pumping of the light modes.
Allowing for photon losses from the dielectric medium
at a rate 2κ and assuming that the dynamics of the
electric field occurs on a much faster time scale than
the atomic dynamics, we may adiabatically eliminate the
photon operators from the Hamiltonian. In the limit of
small atomic saturation and neglecting quantum noise
terms, we finally obtain the Heisenberg equation of mo-
tion for the atomic internal variable σ,
d
dt
σ = (i∆a − Γ + L)σ − χ (5)
where
L = g2
∑
n
∫
dk
|fn(k,xa)|2
i∆n(k)− κ , (6)
χ = g
∑
n
∫
dk
fn(k,xa)η
∗
n(k)
i∆n(k)− κ . (7)
We therefore see that the coupling of the atom to the field
modes gives rise to a driving term χ of the atomic oper-
ator σ and, additionally, to an atomic light shift L. In
general, L is complex and the atom will thus experience a
frequency shift according to the imaginary part of L and
a resonance line broadening described by its real part.
Depending on the functional dependence of ∆n(k), the
light shift obtained from the coupling of the atom to con-
tinuous one-dimensional sets of electric modes can signif-
icantly alter the atomic dynamics, especially if ∆n(k) is a
highly asymmetric function. Since dielectric microstruc-
tures can be fabricated with high accuracy, this offers the
possibility to tailor the atom-light interaction to a large
extent.
Specific example of a microstructure.- In order to dis-
cuss this effect quantitatively in more detail, we will in
the following concentrate on a specific example of such a
microstructure.
Let us consider a dielectric medium with a rectangular
cross section of height Dx and width Dy as sketched in
Fig. 1, but infinitely extended in the z direction. The
height Dx is chosen such that for large Dy two trans-
verse modes are supported at the pump frequency ωp as
indicated in the figure. (For simplicity we neglect po-
larization issues here and therefore assume a scalar elec-
tric field.) The dielectric surfaces perpendicular to the y
y
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FIG. 1: Schematic presentation of the sample microstructure.
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FIG. 2: Mode frequency ∆n(k) versus longitudinal wave num-
ber k. The parameters are n0 = 1.5, Dx = λp/
√
n2
0
− 1, and
Dy is chosen such that the threshold of the first excited branch
is ωp.
axis, on the other hand, are supposed to be coated with
a highly reflecting metallic layer, and the width Dy is
chosen small enough such that only a single mode is sup-
ported in that direction. For given Dy the wave number
in y direction is thus fixed to ky = π/Dy for all modes.
Hence, for a given optical frequency, decreasing Dy will
reduce the wave number k in z direction. At a certain
threshold width, k will vanish and the mode is no longer
supported for widths smaller than that threshold.
In Fig. 2 we show the numerically calculated frequen-
cies and longitudinal wave numbers of the modes sup-
ported by such a structure. The width Dy is chosen such
that the threshold of the first excited branch coincides
with the pumping frequency ωp, i.e., ∆1(0) = 0. Hence,
for all of the modes in this branch ∆1(k) ≥ 0 and a large
atomic lightshift L, Eq. (6), can be expected. Moreover,
at threshold we have ∂∆1(k)∂k = 0 and therefore a large
number of modes contributes nearly resonantly to the
integral in L. Thus, the presence of the microstructure
largely enhances the mode density near resonance.
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FIG. 3: Light shift L versus threshold frequency ωth. The
solid line is Re{L1}, dashed line is Re{L0}, dash-dotted line
is Im{L1}. The atomic parameters correspond to the D2 line
of Rb, κ = 0.001ωp, n0 = 1.5, Dx = λp/
√
n2
0
− 1. The
atomic position is (x, y, z) = (Dx/2, Dy/2, 0), i.e., the point
of maximum coupling at the surface of the dielectric medium.
An analytic approximation of Eq. (6) can be obtained
assuming that the transverse part of the mode functions
is given by a unique f
(T )
n (x, y) within each branch of
modes for all the relevant frequencies, that is, assuming
constant values of kx,n and ky,n and therefore a constant
transverse wave number
qn =
1
n0
√
k2x,n + k
2
y,n. (8)
Introducing an exponential convergence factor to cut off
high frequencies which in the dipole approximation lead
to an unphysical logarithmic divergence, we find by com-
plex contour integration
Ln = −2πg
2n0
c
|f (T )n (xa, ya)|2
√
1−
(
qn
rn + isn
)2
. (9)
Here
rn =
1
c
[
−un +
√
u2n + κ
2ω2p
]1/2
, (10)
sn =
κωp
c
1
rn
, (11)
un =
1
2
(c2q2n + κ
2 − ω2p). (12)
For the parameters used in this Letter we compared these
results with numerical integrations of Eq. (6) and found
excellent agreement.
An example for the light shift L is depicted in Fig. 3.
We plot the real part of the contribution L0 from the
lower energy branch of electromagnetic modes (the imag-
inary part being approximately zero) as well as the real
and imaginary parts of L1, the contribution from the ex-
cited states, versus the threshold frequency ωth of the ex-
cited branch. For the chosen parameters, ωth is a nearly
linear function of the width Dy, which varies approxi-
mately for 10% within the plotted range.
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FIG. 4: Stationary light field intensity |E(z)|2 along z for
y = Dy/2 and (a) x = 0, (b) x = Dx/2. Parameters as in
Fig. 3 with ωth = ωp, ∆a = 10Γ.
We note that L1 is approximately constant and below
one atomic linewidth. Hence the light shift induced by
a branch of modes far above threshold is in fact insignif-
icant. The second (near-resonant) branch of modes, on
the other hand, yields a large light shift. For ωth < ωp,
travelling wave solutions exist in the excited branch at
the pump frequency, and the light shift is dominated by
its real part leading to increased spontaneous atomic de-
cay by enhanced emission of photons into the 1D mi-
crostructure. For ωth > ωp, no travelling solutions exist,
L is imaginary, and the main effect is a shift of the atomic
frequency. At threshold and assuming κ ≪ ωp, Eq. (9)
can be approximated by
Ln = 2π
g2n0
c
|fn(xa)|2 i− 1
2
√
ωp/κ. (13)
Hence, the maximum possible light shift is determined by
the ratio of the photon loss rate from the microstructure
to the optical frequency. Thus, for our specific example
of a structure the limiting factor will be the reflectivity of
the metallic coatings on two sides of the dielectric surface.
For example, a reflectivity of 99% yields a decay rate
κ ≈ ωp/1000 as used in Fig. 3. Both the magnitude and
the scaling of the calculated light shift is very different
from the one observed between metallic plates [8].
Let us now address the question how this large atomic
light shift could be observed experimentally. Since the
whole effect is due to the strong coupling of the atom
to the confined light modes, an obvious possibility is to
4detect the backaction on the light field. Assuming that
only a single travelling wave with wave number k0 of the
lower branch of modes is pumped and with the same sim-
plifications as used to obtain Eq. (9) yields the following
stationary electric field (3):
E(x) ∝ eik0zf (T )0 (x, y)
−L0 e
n0(ir0−s0)|z|
i∆a − Γ + Lf
(T )
0 (x, y)
−L1 e
n0(ir1−s1)|z|
i∆a − Γ + L
f
(T )
0 (xa, ya)
f
(T )
1 (xa, ya)
f
(T )
1 (x, y),(14)
where the first line gives the field of the single pumped
mode, the second line is the field of the light scattered
into the lower branch of modes, and the third line is the
field scattered into the upper branch. As an example we
plot the field intensity along the z direction at the center
of the medium, Fig. 4(a), and on the surface, Fig. 4(b).
At the center of the structure all modes of the excited
branch vanish and the electric field is formed by the lower
branch only. Since the light shift L0 according to this
branch is small, the change of the electric field is small
too. However, we see that the atom (at position z = 0)
scatters some light from the pumped mode into its de-
generate counter-propagating mode. Hence, on top of the
constant intensity of the pumped mode, there appears a
standing wave structure on one side of the atom. Due
to the damping of the light modes, this standing wave
has an exponentially decaying envelope with a decay dis-
tance of d0 = c/(n0κ). The electric field at the surface,
on the other hand, is dominated by the large light shift
L1 due to the excited branch of modes and therefore has
a much larger change of amplitude, see Fig. 4(b). Sim-
ilar enhancement of light scattering has been predicted
for a dielectric wire in a metallic wave guide [9]. Accord-
ing to Eq. (14), we find again an exponential decay with
an approximate decay length of d1 = c/(n0
√
κωp) which
is much shorter than that of Fig. 4(a). A spatially re-
solved detection of the photons lost through the coatings
of the dielectric structure would thus reveal the signifi-
cant change of the electric field intensity and would serve
as an implicit measurement of the enhanced atomic light
shift.
An alternative method to detect the light shift could
come from an experiment where a cloud of cold atoms
is dropped onto the microstructure and reflected by the
evanescent light field. If the atomic cloud is dilute enough
such that the mean distance between the atoms is larger
than d1, each atom will be scattered individually and the
reflection of the cloud will essentially be specular. On the
other hand if atoms are closer than d1, they will interact
with a distorted light field as shown in Fig. 4(b). Since
the modulation of the light intensity along x is roughly of
the order of the total intensity and since the periodicity
is of the order of an optical wavelength, the forces along
x will be comparable with the force in z direction. Hence
the average reflection of a cloud of atoms will be highly
diffusive in this regime.
Conclusions.- We have chosen here to discuss the in-
teraction of an atom with a quasi 1D optical waveguide.
However, our theory is easily applicable to atom-photon
interactions in a broad range of micro-optical structures.
Corresponding experiments can have impact on our basic
knowledge about atomic structure and quantum electro-
dynamics [10]. On the practical side, the strongly en-
hanced atom-photon interaction could be the basis of a
new generation of micro-optical devices involving only
very few atoms and photons.
We thank J. Weiner, J. Schmiedmayer, and R. Fol-
man for fruitful discussions. This work was supported by
the Austrian Science Foundation FWF (project P13435-
TPH). P. D. acknowledges the financial support by the
NSF of Hungary (OTKA F032341).
∗ On leave from: Research Institute for Solid State Physics
and Optics, Hungarian Academy of Sciences, Hungary
[1] Proceedings of the International School of Physics Enrico
Fermi, Vol. 140, edited by M. Inguscio, S. Stringari, and
C. Wieman (IOS Press, Amsterdam, 1999).
[2] H. P. Herzig (Ed.), Micro-Optics (Taylor & Francis, Lon-
don, 1997).
[3] R. Folman et al., Phys. Rev. Lett. 84, 4749 (2000); W.
Ha¨nsel et al., Phys. Rev. Lett. 86, 608 (2001); G. Birkl
et al., Opt. Commun. 191, 67 (2001).
[4] A. Landragin et al., Phys. Rev. Lett. 77, 1464 (1996);
M. Gorlicki et al., Phys. Rev. A 61, 013603 (2000); F.
Shimizu, Phys. Rev. Lett. 86, 987 (2001).
[5] Yu. B. Ovchinnikov, I. Manek, and R. Grimm, Phys. Rev.
Lett. 79, 2225 (1997); H. Gauck et al., Phys. Rev. Lett.
81, 5298 (1998).
[6] M. Brune et al., Phys. Rev. Lett. 72, 3339 (1994).
[7] P. Domokos, M. Gangl, and H. Ritsch, Opt. Commun.
185, 115 (2000).
[8] M. Marrocco, M. Weidinger, R. T. Sang, and H. Walther,
Phys. Rev. Lett. 81, 5784 (1998).
[9] J. J. Sa´enz et al., Phys. Rev. Lett. 86, 4275 (2001).
[10] E. A. Hinds, K. S. Lai, and M. Schnell, Phil. Trans. Royal
Soc. London A 355, 2353 (1997).
